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1.  Introduction 


Compact  power  sources  having  high  energy  and  power  densities  are  critical  for  numerous 
commercial  and  military  applications.  These  applications  can  span  from  personal  power  sources 
for  expeditions  requiring  long  periods  of  time  away  from  a  power  grid  to  unmanned  air  vehicles 
(UAVs)  requiring  only  a  few  hours  of  running  time.  A  power  technology  gap  currently  exists  in 
the  range  of  10-100  W+  that  is  only  spanned  by  battery  technology  because  improvements  in 
rechargeable  batteries  have  not  kept  up  with  the  power  demand  of  new  personal  devices.  High 
energy  dense  technologies  are  sought  after  to  augment  batteries  and  extend  the  available  energy 
density  well  beyond  state-of-the-art  battery  technology  (140  W-h/kg  for  rechargeable  lithium 
[Li] -ion  technology  [1]). 

There  is  a  focus  in  the  military  to  develop  power  technologies  that  capitalize  on  the  large  energy 
content  offered  by  hydrocarbons  or  alcohols.  Modest  conversion  efficiencies  of  only  a  few 
percent  can  provide  comparable  energy  density  to  battery  technology  with  the  added  capability 
of  instant  recharge.  Fuel  cells  have  seen  a  lot  of  focus  at  all  power  levels  and  have  become  a 
promising  technology  to  span  the  power  technology  gap.  For  example,  Los  Alamos  National 
Laboratories  developed  a  direct  methanol  fuel  cell  (DMFC)  useful  for  personal  power 
applications,  which  demonstrated  an  energy  density  of  550  W-h/kg  for  a  72-h  mission  duration 
and  delivering  20  W  of  average  electrical  power  with  an  overall  efficiency  of  33%  (2).  Smart 
Fuel  Cell  offers  a  250-W  DMFC  suitable,  for  example,  in  UAV  applications  having 
approximately  464  W-h/kg  (31.1  kWh  in  fuel  cartridge  and  a  67-kg  system  weight  with  fuel)  (3). 
Smart  Fuel  cell  also  offers  Energy  for  You  (EFOY)  DMFCs  on  their  Web  site,  claiming 
721  W-h/kg  for  a  40-W  average  electrical  power  using  their  M10  cartridge  (4).  Although  fuel 
cells  continue  to  be  improved  and  can  have  higher  energy  densities  than  batteries,  there  is  a  lack 
of  fuel  flexibility.  For  some  applications,  a  mainstream  fuel  source  such  as  propane,  butane, 
gasoline,  or  diesel  may  be  better  options  than  hydrogen  sources  or  methanol  cartridges. 

Hydrogen  fuels  require  engineered  storage  of  hydrogen  as  a  liquid  or  operate  through  the 
chemical  release  from  hydrates,  which  currently  prevent  their  use.  Meanwhile,  methanol  has 
lower  energy  content  than  the  longer  chain  alcohols  and  hydrocarbons. 

Conversion  of  the  chemical  energy  content  of  a  fuel  to  electrical  energy  can  be  both  efficient  and 
fuel  flexible  by  first  converting  the  energy  into  heat.  Electrical  power  converted  from  heat  using 
a  large  temperature  difference  can  efficiently  extract  the  energy  content  and  follows  the  Carnot 
efficiency.  Such  energy  conversion  has  been  accomplished  through  mechanical  engines  that 
convert  chemical  to  mechanical  through  combustion  and  then  mechanical  to  electrical  using,  for 
example,  magnetic  generators.  Although  mechanical  heat  engines  are  the  mainstay  at  the  large 
scale,  there  are  significant  challenges  that  exist  when  scaling  engines  below  the  kW  level  due  to 
the  increasing  frictional  losses  and  thermal  management  issues  (6-8).  Direct  thermal-to- 
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electrical  conversion  (TEC)  is  another  approach  to  achieve  high  efficiencies  for  compact 
platforms  that  has  no  moving  parts  within  the  core  converter.  Without  moving  components,  the 
converter  does  not  have  scaling  issues  related  to  contact  mechanics.  Additionally,  TEC  can  use 
external  combustion  as  a  heat  source  and  thus  can  be  more  flexible  than  internal  combustion 
engines,  especially  in  the  choice  of  fuel. 

Three  methods  for  continuous  TEC  have  been  studied  significantly:  (1)  thermoelectric; 

(2)  thermophotovoltaic;  and  (3)  thermionic.  The  thermoelectric  effect  generates  charge  carriers 
from  a  temperature  difference  across  the  material  and  is  used  extensively  by  the  National 
Aeronautics  and  Space  Administration  (NASA)  for  missions  without  access  to  solar  energy. 
Thermophotovoltaic  relies  on  converting  thermal  radiation  via  photovoltaic  conversion 
techniques  and  has  been  investigated  as  early  as  1963  (9).  Thermionic  extracts  electrons  from  a 
low-working  potential  metallic  surface  across  a  small  distance  and  high  enough  temperatures. 
Thermionic,  like  thermoelectric,  is  used  in  space  applications  where  solar  energy  is  not  available 
(10,  11).  Both  thermophotovoltaic  and  thermionic  traditionally  require  high  temperature 
operation  (>1000  °C)  and  therefore  no  commercial  products  are  available  for  compact  power 
generation  due  to  temperature  stability  issues.  Thermoelectric  has  seen  large  growth  with 
commercial  products  available  due  to  having  modest  conversion  efficiencies  at  lower 
temperatures  as  well  as  applications  in  cooling.  Both  thermoelectric  cooling  modules  and 
generator  modules  are  commercially  available  products.  However,  there  has  been  limited 
success  to  develop  a  TEC  system  combined  with  a  multi-fuel  capable  combustor  for  compact 
power  generation  using  any  of  the  three  methods  discussed. 

Recent  advances  in  low-bandgap  photovoltaic  cells  and  improved  spectral  control  techniques 
have  generated  a  renewed  interest  in  thermophotovoltaic  technology.  Nelson  and  Guazzoni  et  al. 
(12,  13)  provide  an  overview  of  the  development  of  thermophotovoltaic  technology  for  military 
applications  and  the  limitations  associated  with  high  temperatures  as  of  2004.  The  advancements 
in  photovoltaic  cells  and  spectral  control  offer  the  potential  for  efficient  conversion  at  operating 
temperatures  considerably  reduced  from  what  was  previously  possible.  The  focus  of  this  report 
is  to  provide  a  feasibility  analysis  of  thermophotovoltaic  as  a  compact  power  source  and 
motivate  future  research  efforts  in  this  field.  To  accomplish  this,  this  report  provides  the 
background  with  current  state  of  the  art  identified  when  appropriate  and  identifies  research  areas 
to  push  this  revitalized  field.  A  comparison  to  thermoelectric  conversion  is  made  to  provide  a 
basis  to  a  well  understood  technology.  Finally,  a  comparison  of  thermal-to-electric  conversion, 
which  could  be  thermoelectric,  thermionic,  or  thermophotovoltaic,  is  provided  against  battery 
technology,  the  only  widely  accepted  power  source  to  date. 
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2.  Thermophotovoltaic  Energy  Conversion 


2.1  Thermophotovoltaic  Overview 

Figure  1  describes  the  primary  components  of  a  thermophotovoltaic  system:  a  heat  source,  an 
emitter,  and  a  photovoltaic  converter.  The  heat  source  supplies  thermal  energy  to  the  emitter, 
which  radiates  the  energy  across  a  gap  to  a  photovoltaic  cell  or  an  array  of  photovoltaic  cells. 

The  photovoltaic  cell(s)  then  converts  the  thermal  radiation  to  electrical  energy,  which  can  be 
delivered  to  a  load  or  conditioning  circuitry.  Optical  filters  between  the  emitter  and  the 
photovoltaic  cell,  as  well  as  reflectors  deposited  on  the  backside  of  the  photovoltaic  cell,  are  also 
common  components  (not  included  in  figure  1).  The  optical  cavity  between  the  emitter  and 
photovoltaic  cell  is  often  held  under  vacuum  to  minimize  conduction  and  convective  heat 
transfer.  The  TEC  efficiency  of  a  thermophotovoltaic  converter  at  the  device  level  is  determined 
by  the  efficiency  of  each  major  component,  namely, 

VTEC  —  VheatVspectraOlcavityVPVi  (1) 


where  r|heat  is  the  combined  efficiency  of  the  solar-to-heat  or  the  chemical-to-heat  conversion  and 
the  thermal  efficiency  of  the  heat  delivered  to  the  TEC  (the  emitter,  in  the  case  of  the 
thermophotovoltaic),  r|Spectrai  is  how  well  the  emitted  spectrum  can  match  the  photovoltaic  cell 
(discussed  later),  r)cavity  is  the  fraction  of  the  emitted  radiation  that  reaches  the  surface  of  the 
photovoltaic  cell,  and  r|PV  is  the  photovoltaic  conversion  efficiency. 


Figure  1 .  Primary  components  of  thermophotovoltaic  energy  converter. 
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2.2  Blackbody  Emitter 


To  elucidate  the  primary  ideas  behind  optimizing  thermophotovoltaic  conversion  for  both 
efficiency  and  power,  the  emission  from  a  blackbody  source  combined  with  a  photovoltaic  cell 
must  be  first  described.  Blackbody  radiation  within  a  medium  having  an  index  of  refraction  of  n 
can  be  described  by  Planck’s  law: 


eb  (A,  T)  =  n2 


2nhc0 

l5(e/lco/fcr-1)  ’ 


(2) 


where  h  is  Planck’s  constant,  Co  is  the  speed  of  light  in  a  vacuum,  A  is  the  wavelength,  k  is 
Boltzmann’s  constant,  and  T  is  the  temperature  of  the  blackbody.  Figure  2  illustrates  two  key 
characteristics  of  equation  2  with  increasing  temperature.  Firstly,  as  temperature  increases  the 
amount  of  power,  P,  emitted  per  area,  A,  increases  as 

P/A  =  J“  eba  T)dA  =  asbT4(W/m2),  (3) 


where  asb  is  the  Stefan-Boltzmann  constant.  Equation  3  underscores  the  importance  of 
temperature  towards  the  total  power  available.  For  example,  the  power  available  from  a 
blackbody  held  at  temperatures  of  500,  750,  and  1000  °C  are  2,  6.2,  and  14.9  W/cm2, 
respectively. 


Secondly,  the  peak  intensity  shifts  to  lower  wavelengths  as  the  temperature  is  increased.  This  is 
important  when  considering  the  bandgap  of  the  photovoltaic  cell  discussed  in  the  following 
section.  The  peak  wavelength  at  500  °C  is  close  to  3.9  pm  while  at  1000  °C  is  around  2. 1  pm. 
Since  only  photons  having  wavelengths  below  the  bandgap  of  the  photovoltaic  cell  can  be 
converted,  the  spectral  dependence  of  the  radiated  power  has  a  direct  impact  on  the  conversion 
efficiency. 


Figure  2.  Example  blackbody  spectra  from  equation  2  for 
temperatures  of  500,  750,  and  1000  °C. 
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2.3  Photovoltaic  Cells  in  Thermophotovoltaic 


A  photovoltaic  cell  is  used  to  absorb  the  incident  photon  energy  emanating  from  the  emitter, 
convert  it  into  charge  carriers,  and  extract  it  to  external  circuitry  loads  with  minimal  loss.  The 
dominant  factors  affecting  the  extraction  of  charge  carriers  are  the  minority  carrier  lifetimes  (i.e., 
recombination  losses)  and  carrier  mobilities.  The  bandgap  of  the  material  system  plays  a  key 
role  in  photon  absorption.  The  bandgap  should  be  small  enough  to  effectively  absorb  the  major 
part  of  the  spectrum  from  equation  2.  However,  shorter  wavelengths  of  the  spectrum  generate 
hot  electron-hole  pairs  and  most  photon  energy  is  lost  as  heat.  Proper  material  selection  and 
engineering  of  the  cell  structure  is  necessary  to  engineer  the  bandgap.  The  design  of  the 
thermophotovoltaic  system  must  match  the  spectral  properties  of  the  emitter  with  the 
photovoltaic  cell  for  optimal  efficiency.  The  dependence  on  the  spectral  properties  of  the 
emitter  is  evident  in  the  equation  for  the  photovoltaic  cell  conversion  efficiency,  which  can  be 
written  as  (14) 


V  pv  — 


VqC1ScFF 

Power  In  in-band’ 


(4) 


where  Voc  is  the  open-circuit  voltage,  I  sc  is  the  short-circuit  current,  and  FF  is  the  fill  factor  for 
the  photovoltaic  cell.  The  numerator  is  the  electrical  power  converted.  The  denominator  is  the 
amount  of  power  delivered  to  the  photovoltaic  cell  for  energies  above  the  photovoltaic  cell 
bandgap. 


Peak  intensity  of  the  radiated  spectrum  from  relevant  temperatures  is  well  above  that  of  the 
typical  solar  spectrum,  thus  the  photovoltaic  cells  used  in  thermophotovoltaic  conversion  must 
be  engineered  from  different  material  systems.  Most  common  photovoltaic  material  systems  for 
thermophotovoltaic  conversion  to  date  are  gallium  antimonide  (GaSb)-related  materials 
(homogeneous:  0.72  eV,  indium  gallium  arsenide  antimonide  (InGaAsSb)  on  GaSb:  0.53  eV)  or 
indium  gallium  arsenide  (InGaAs)  on  an  indium  phosphide  (InP)  substrate  (0.5  to  0.6  eV).  The 
lower  bandgap  structures  are  achieved  on  the  InP  substrate  using  InP-based  lattice-matched 
indium  gallium  arsenide  phosphide  (InGaAsP)  and  strained-compensated  InGaAs/InGaAs 
quantum  wells  (15).  Figure  3  demonstrates  the  amount  of  energy  that  is  lost  if  a  0.6  eV  bandgap 
photovoltaic  cell  is  used.  Comparing  the  total  blackbody  power  density  available  in  figure  2  to 
the  power  the  photovoltaic  is  able  to  convert  (below  the  bandgap  wavelength)  in  figure  3,  the 
maximum  theoretical  efficiency  for  a  blackbody  held  at  1000  °C  is  19%  with  a  power  density  of 
2.8  W/cm  and  rapidly  decreases  with  lower  temperatures.  Reducing  the  bandgap  of  the 
photovoltaic  cell,  for  example,  to  0.53  eV  (i.e.,  InGaAsSb/GaSb  cell),  will  increase  the 
maximum  theoretical  efficiency  for  a  blackbody  held  at  1000  °C  to  27%  and  could  have  4.0 
W/cm"  available  for  power  conversion. 
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There  is  a  tradeoff  between  the  photovoltaic  cell  conversion  efficiency  and  the  electronic 
bandgap  of  the  selected  material  system.  Lowering  the  bandgap  requires  new  or  modified 
material  systems  that  have  not  had  the  same  level  of  maturation  as  their  solar  cell  counterparts 
and  thus  the  current  cell  efficiencies  are  lower.  For  example,  the  0.6-eV  photovoltaic  cells  have 
demonstrated  conversion  efficiency  around  24%  while  the  0.72-eV  cells  have  demonstrated 
conversion  efficiency  closer  to  30%.  Although  each  can  be  further  optimized  to  improve  the 
efficiency,  there  is  a  fundamental  limit  to  the  efficiency  associated  with  each  material  system  and 
bandgap. 

Numerous  modeling  efforts  have  determined  the  cell  conversion  will  decrease  with  the  bandgap 
due  primarily  to  a  reduced  open-circuit  voltage  and  is  limited  by  both  photon  recycling  and 
intrinsic  Auger  recombination.  The  optimal  bandgap  will  depend  on  the  received  intensity. 

Tuley  and  Nicholas  (16)  discuss  the  spectral  and  photovoltaic  cell  conversion  efficiency 
dependence  on  the  bandgap.  They  predict  the  cell  efficiencies  and  power  densities  using  a  model 
that  includes  Auger  recombination,  which  they  state  becomes  significant  at  lower  bandgap 
energies  and  is  comparable  to  radiative  recombination  at  0.60  eV.  Dasheill  et  al.,  also  suggests 
Auger  recombination  limits  the  open-circuit  voltage  and  that  it  becomes  dominant  below  0.5  eV 
for  the  GaSb-based  materials.  For  the  InGaAs  and  InGaAsP  material  systems  on  InP  both 
promising  for  0.5  eV  and  up  bandgap  materials,  Tuley  and  Nicholas  predicts  peak  spectral  and 
photovoltaic  cell  efficiency  Ol  spectral  *qpv)  close  to  23%  for  a  gray-body  source  at  1200  K  with  an 
in-band  emissivity  of  1  and  an  out-of-band  emissivity  of  0.1. 

New  techniques  to  reduce  Auger  recombination  are  required  to  enable  both  high  conversion 
efficiency  and  low-bandgap  photovoltaic  cells.  This  will  allow  both  higher  power  density  and 
higher  TEC  efficiency.  In  addition  to  improvements  within  the  photovoltaic  cell,  the  TEC 
efficiency  can  be  improved  for  a  given  photovoltaic  bandgap  by  eliminating  or  reducing  the  out- 
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of-band  wavelengths  emitted  through  spectral  tuning.  From  the  previous  example  of  23% 
conversion  efficiency  for  a  gray-body  source  at  1200  K,  if  the  out-of-band  emissivity  can  be 
reduced  to  0.05,  then  the  peak  performance  would  occur  close  to  0.55  eV  resulting  in  an 
efficiency  increase  predicted  by  Tuley  and  Nicholas  to  28%. 

2.4  Spectral  Tuning 

A  blackbody  or  gray-body  (i.e.,  a  material  having  a  constant  emissivity  <1)  emission  spectrum  is 
not  an  ideal  choice  for  a  thermophotovoltaic  system  since  a  significant  amount  of  the  radiation 
has  a  wavelength  above  the  photovoltaic  bandgap  wavelength.  To  maximize  TEC  efficiency 
only  wavelengths  below  the  bandgap  wavelength  of  the  photovoltaic  cell  should  be  emitted  and 
thus  the  out-of-band  wavelengths  reduced  or  eliminated.  This  can  be  achieved  through  spectral 
tuning  using  an  optical  filter  to  reflect  out-of-band  wavelengths  back  to  the  emitter  or  a  spectral 
emitter  to  only  radiate  in-band  wavelengths. 

Spectral  tuning,  however,  often  can  diminish  the  in-band  radiation  since  the  in-band  transmission 
of  the  optical  filter  is  less  than  100%  and  the  in-band  emissivity  is  less  than  1  for  the  emitter. 
Diminished  in-band  radiation  results  in  a  reduction  of  the  total  power  density.  The  total  power 
emitted  is  a  function  of  the  emissivity  of  the  material  which  can  have  a  dependence  on  both 
wavelength  and  temperature: 

Power  —  /0°°e(A,  T)eb(A,T)dA.  (5) 

There  will  be  a  tradeoff  between  power  density  and  conversion  efficiency  when  optimizing  the 
thermophotovoltaic  conversion  system  using  spectral  tuning. 

Chubb  devised  a  parameter,  R,  that  indicates  the  level  of  spectral  tuning  by  splitting  up 
emissivity  and  reflection  into  “in-band”  of  the  photovoltaic  cell,  /,  and  “out-of-band”  of  the 
photovoltaic  cell  as  follows  (77): 

n  _  e;(l-p;)[l-Pb(l-eb)] 

eb(l-pb)[l-P;(i-e;)]’  1  ’ 

where  s  is  the  emissivity  of  the  emitter  surface  and  p  is  the  reflectivity  of  an  optical  filter. 
Equation  6  enables  one  to  analyze  the  effect  of  spectral  control  on  conversion  efficiency,  the  best 
value  being  0,  and  the  worst  (i.e.,  no  spectral  control)  being  1.  Figure  4  demonstrates  the 
maximum  theoretical  spectral  efficiency  from  Chubb  plotted  against  dimensionless  bandgap 
energy  for  the  full  range  of  R-values.  In  the  figure  the  Shockley  and  Queisser  photovoltaic  cell 
model  assuming  the  open-circuit  potential  is  equal  to  the  bandgap  potential  was  used  by  Chubb 
to  understand  the  relationship  between  the  peak  spectral  efficiency  and  the  dimensionless 
bandgap.  The  probable  range  for  the  photovoltaic  bandgaps  ranging  from  0.5  to  0.72  eV  and 
operating  temperatures  from  800  to  1000  °C  is  highlighted  in  figure  4. 


7 


Figure  4.  Maximum  spectral  efficiency  from  reference  17. 


Figure  4  shows  the  influence  that  both  the  bandgap  energy  and  the  emitter  temperature  have  on 
the  conversion  efficiency.  Peak  efficiency  occurs  when  the  photovoltaic  cell  bandgap  and  the 
temperature  are  “matched”  with  the  emission  temperature.  R-values  below  0.05  will  be 
necessary  to  achieve  peak  efficiency  potential  in  the  range  of  bandgap  energies  and  operating 
temperatures  relevant  for  compact  power  applications.  This  demonstrates  the  need  for 
approaches  to  minimize  R.  As  noted  before,  the  thermophotovoltaic  efficiency  without  taking 
into  account  any  efficiency  owing  to  the  burner  is 

VTPV  —  VspectralVcavityVpV ■  (7) 


The  spectral  efficiency  can  be  computed  by  the  in-band  power  delivered  to  the  photovoltaic  cell 
divided  by  the  total  in-band  and  out-of-band  power  emitted  as  follows: 


_  Qc  _  Ac  Jo3  QicCTT’ldA 
V  spectral  Ag  g  qoEuW 


acIq3  <7icC'f7’)d4 
qoE(.A’T)d^+fxg  ^ofiCTTOd/t] 


(8) 


where  Ac  and  AE  denote  the  collection  area  on  the  photovoltaic  cell  and  the  emitter  area, 
respectively;  qic  denotes  the  thermal  radiation  reaching  the  photovoltaic  cell;  and  c/oi;  denotes  the 
radiation  leaving  the  emitter.  The  term  qic  will  be  affected  by  the  transmission  and  reflectance  of 
elements  between  the  emitter  and  the  photovoltaic  cell,  such  as  an  optical  filter  in  addition  to  the 
reflectance  properties  of  the  photovoltaic  cell. 


A  simplified  thermophotovoltaic  system  having  only  a  spectrally  controlled  emission  and  a 
photovoltaic  cell  can  be  analyzed  to  demonstrate  the  potential  of  a  thermophotovoltaic  converter. 
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For  a  system  without  a  filter  or  reflector,  i.e.,  spectral  control  comes  solely  from  the  emitter,  the 
thermophotovoltaic  efficiency  without  burner  efficiency  can  be  written  as 


Vtpv  ~  VpvFec 


Spa  EEebq,T)dA 

f0  £Eeb(^,T)dA 


(9) 


The  cavity  efficiency  is  accounted  for  in  equation  9  by  the  view  factor,  Fec •  In  this  analysis 
having  only  spectral  control  from  the  emitter,  R  from  equation  6  is  now  the  ratio  of  the  out-of- 
band  emissivity  to  the  in-band  emissivity  eei/eei ■  From  equation  9,  the  efficiency  owing  to  the 
emitter  is  determined  purely  by  the  out-of-band  emissivity.  Power  delivered  to  the  photovoltaic 
cell,  on  the  other  hand,  is  greatly  determined  by  the  in-band  emissivity  and  can  be  approximated 
by  (17) 

]s  eEeh{X,T)dX.  (10) 


Figure  5  demonstrates  the  power  per  area  for  an  example  thermophotovoltaic  conversion  having 
an  upper  bound  of  a  0.6-eV  bandgap  photovoltaic  cell  with  a  maximum  emitter  emissivity  of  1 
and  a  lower  bound  of  a  0.72-eV  bandgap  photovoltaic  cell  having  an  emissivity  of  0.4.  At  a 
temperature  of  1000  °C,  the  difference  in  power  density  can  be  five  times  for  a  photovoltaic  cell 
efficiency  of  30%.  Figure  6  demonstrates  the  conversion  efficiency  calculated  by  equation  9 
assuming  FEc  =  1,  H pv=  30%  for  bandgaps  of  0.72,  0.60,  and  0.53  eV.  The  width  of  each  curve 
represents  R-values  from  0.1  to  0.05.  From  figure  6,  a  20%  efficient  thermophotovoltaic 
converter  is  feasible  within  the  temperature  range  of  650  to  1200  °C  if  the  advancements  in 
selective  emitters  and  photovoltaic  cells  highlighted  in  this  report  can  be  made. 

Critical  to  note  in  equation  10  is  that  power  depends  heavily  on  both  the  in-band  emissivity  and 
energy  bandgap  of  the  photovoltaic  cell.  Thus,  to  maximize  power  output  both  bandgap  and 
emissivity  should  also  be  maximized  in  addition  to  the  operating  temperature.  When  efficiency 
is  concerned,  however,  it  is  most  important  that  the  emissivity  of  the  out-of-band  should  be  0, 
while  the  in-band  efficiency  can  be  anything  greater  than  0  for  maximum  efficiency.  This 
underscores  the  criticality  to  perform  a  tradeoff  of  power  density  and  energy  density  when 
designing  the  thermophotovoltaic  system. 
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Figure  5.  The  power  density  of  a  notional  thermophoto  voltaic 

system  is  plotted  vs.  emitter  temperature.  A  photovoltaic 

cell  efficiency  of  30%  is  used  in  the  calculation  of  the  power  density. 
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Figure  6.  Thermophotovoltaic  energy  conversion  efficiency  for 
example  bandgap  energies  assuming  30%  photovoltaic 
conversion  of  in-band  radiation  and  R-values  ranging 
from  0.05  to  0.10  giving  rise  to  the  thickness  of  the  curves. 

Until  recently,  only  naturally  occurring  spectral  emitters  such  as  platinum  (Pt),  rare-earth 
emitters  (24)  or  gray-body  emitters  have  been  used.  These  either  require  high  temperature  for 
low  R-values  or  have  a  high  R-value  such  as  Pt.  Recently,  emitters  with  engineered  surfaces 
using  photonic  crystals  or  metamaterials  have  become  promising  for  selective  emission  with 
good  performance  across  a  wide  temperature  range.  These  are  patterns  that  can  be  used  to  create 
a  photonic  bandgap  to  control  the  light,  i.e.,  a  photonic  crystal.  A  one-dimensional  (1-D) 
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photonic  crystal  (e.g.,  Bragg  gratings)  is  a  stacking  of  layers  alternating  the  index  of  refraction 
(18).  A  two-dimensional  (2-D)  photonic  crystal  consists  of  periodic  structures  fabricated  on  the 
surface  of  a  material  (18-21),  and  a  three-dimensional  (3-D)  photonic  crystal  is  a  structure 
having  a  stacking  of  a  2-D  lattice  and  is  appropriately  termed  a  “woodpile”  (22). 

Numerous  groups  have  develop  1-D,  2-D,  and  3-D  structures  on  the  surface  of  a  solid  emitter  to 
demonstrate  spectral  control  of  the  radiated  emission  (18-22).  Bermel  et  al.,  developed  1-D 
(silicon  and  silicon  dioxide  bi-layers)  and  2-D  (patterned  tungsten)  photonic  crystals  and 
evaluated  the  performance  combined  with  a  rugate  filter,  an  emitter  temperature  of  1200  K,  a 
view  factor  of  1,  and  a  photovoltaic  cell  having  a  0.547-eV  bandgap  (18).  They  calculated 
45.6%  of  the  emitted  radiation  to  be  in-band  for  the  1-D  photonic  crystal  and  59.2%  with  the  2-D 
photonic  crystal.  A  low  emissivity  material  that  can  survive  at  high  temperatures  is  highly 
desired.  As  such,  the  tungsten  is  an  ideal  candidate  as  used  in  the  2-D  emitter  from  Bermel  et  al., 
however  coupling  these  structures  to  a  heat  source  still  remains  a  challenge  due  to  significant 
thermal  expansion  mismatches  (18).  Kirikae  et  al.,  etched  2-D  structures  directly  on  the  surface 
of  the  silicon  and  coated  the  surface  with  Ti  (20).  They  demonstrated  improved  conversion 
efficiency  over  blackbody  (5.5%)  of  approximately  7.4%  at  1200  °C  using  a  germanium  (Ge) 
low-bandgap  photovoltaic  cell.  Liu  et  al.,  described  the  use  of  metamaterials  where  a  dielectric 
and  metal  are  deposited  directly  on  a  silicon  (Si)  substrate  (21).  In  their  work  they  estimate  very 
low  emissivity  in  the  out-of-band  emission,  suggesting  that  high  R-values  can  be  obtained. 
Although  in  their  work  they  only  demonstrated  the  technique  to  300  °C  it  may  be  feasible  at 
higher  temperatures. 

In  addition  to  selective  emitters,  optical  filters  and  reflectors  can  be  integrated  into  the  system  to 
further  improve  the  total  efficiency.  A  high  conversion  efficiency  was  demonstrated  by 
Wernsman  et  al.,  who  used  a  silicon  nitride  (ShN4)/gold  (Au)  reflector  on  the  backside  of  an 
InGaAs/InP  (0.60  eV)  diode  with  a  dielectric  stack  on  a  highly  n-doped  InPaS  plasma  filter  to 
achieve  23.6%  conversion  at  1039  °C  (23).  This  suggests  an  R-value  slightly  above  0.1. 
Combined  with  selective  emitters  it  may  be  feasible  to  decrease  the  R-value  well  below  0.1  to 
improve  the  efficiency.  Bermel  et  al.,  estimated  the  performance  with  an  optimized  rugate  filter 
spaced  closely  to  the  2-D  tungsten  photonic  crystal  to  be  26.9%  at  927  °C  assuming  a  view 
factor  of  1  and  an  InGaAsSb  photovoltaic  cell.  Their  estimation  corresponds  to  an  R-value 
below  0.05  suggesting  that  the  combination  of  filters,  reflectors,  and  selective  emitters,  once 
combined  with  an  efficient  heat  source  could  yield  very  high  efficiencies. 

2.5  Thermophotovoltaic  and  Thermoelectric  Conversion  Efficiency  Comparison 

Many  technologies  have  been  investigated  for  TEC.  Of  them,  thermoelectric  and  thermionic 
energy  conversion  for  a  continuous  temperature  difference  has  been  evaluated  most  with 
thermoelectric  having  some  commercial  availability.  In  fact,  NASA  and  other  space  agencies 
around  the  world  have  used  both  thermoelectric  and  thermionic  generators  for  their  deep  space 
missions  using  a  radioisotope  heat  source. 
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Thermoelectric  has  been  developed  for  NASA  power  generation  in  remote  areas  of  space  as  well 
as  for  cooling  application.  Thus,  >5%  for  radioisotope  thermoelectric  generator  (RTG)  using 
very  reliable  material  systems  can  be  achieved.  Thermoelectric  materials  are  continually  being 
improved  with  a  focus  on  increasing  electrical  conductivity,  reducing  thermal  conductivity  and 
improving  the  Seebeck  coefficient. 


TEC  efficiency  can  be  calculated  using  the  Carnot  efficiency  and  the  figure  of  merit  for 
thermoelectric  materials,  zT  as  follows 

_  O' Hot-T Cold)  x  V 1+zT-l 

TE  THot  V t+zT +T  cold/T  Hot 


(11) 


where  THot  and  TCoid  are  the  temperatures  of  the  hot  side  of  the  thermoelectric  and  cold  side  of 
the  thermoelectric  module  respectively  (25).  The  figure  of  merit  zT  is: 

zT  =  a2/(Kp ),  (12) 


where  a  is  the  Seebeck  coefficient,  k  is  the  thermal  conductivity,  p  is  the  electrical  resistivity, 
and  T  is  the  average  temperature  from  the  hot-side  to  the  cold-side  ((THot  +  TCom)/2)  of  the 
thermoelectric  junction.  Commercial  devices  are  available  for  up  to  230  °C  (200  °C  for 
maximum  reliability)  on  the  hot  side  with  approximately  5%  conversion  efficiency,  equating  to  a 
ZT  of  approximately  0.5  (26).  Higher  temperature  and  higher  zT  materials  have  been 
demonstrated  within  the  research  and  development  (R&D)  community,  for  example,  skutterudite 
materials  have  the  potential  to  produce  14.7%  efficiency  at  700  °C  with  a  27  °C  cold  side 
temperature,  equating  to  approximately  a  ZT  =  0.75  (27).  Figure  7  plots  the  theoretical  TEC 
efficiency  for  equation  7  for  ZT  of  0.5,  1.0,  and  2.0.  The  latter  is  an  upper  end  of  the  most  recent 
advances  in  high  temperature  thermoelectric  materials  and  multi -junction  devices.  Most 
demonstrated  thermoelectric  modules  (single  or  multi-stacks)  fall  below  ZT  =  1. 
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Figure  7.  Thermoelectric  conversion  efficiency  is  plotted  vs.  the 
temperature  of  the  hot  side  with  a  cold  side  temperature 
at  27  °C. 

Figure  8  shows  a  comparison  of  thermoelectric  and  thermophotovoltaic  thermal  conversion 
efficiency  versus  the  hotside  temperature.  The  cold  side  temperature  of  the  thermoelectric  and 
photovoltaic  cell  are  assumed  to  be  27  °C  and  photovoltaic  cell  efficiency  of  30%  for  three 
energy  bandgaps  of  0.53,  0.60,  and  0.72  eV.  Note  that  the  view  factor  for  the 
thermophotovoltaic  is  assumed  to  be  1  (see  figure  9).  Convective  and  conduction  losses  between 
the  hot-side  and  cold-side  are  also  neglected  for  both,  which  is  appropriate  for  vacuum  packaged 
converters.  Regardless,  figure  8  demonstrates  both  thermoelectric  and  thermophotovoltaic  may 
be  able  to  provide  conversion  efficiencies  greater  than  10%  at  temperatures  generally  exceeding 
500  °C.  For  most  applications  this  may  be  sufficient  to  create  a  high  energy  dense  power  source. 
At  lower  temperatures,  where  energy  scavenging  applications  exist,  thermoelectric  conversion 
has  a  distinct  advantage  over  thermophotovoltaic  conversion. 
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Figure  8.  Thermophoto  voltaic  and  thermoelectric  conversion 
efficiency  plotted  vs.  temperature. 


The  view  factor  becomes  an  important  consideration  in  small  systems  where  the  surface  area  to 
gap  ratio  can  be  small.  This  parameter  describes  the  amount  of  radiation  lost  or  leaked  out  the 
edge  of  the  cavity  and  depends  on  the  geometry  of  the  emitter  and  photovoltaic  cell  surfaces  as 
well  as  the  spacing  between  them.  The  view  factor  is  plotted  in  figure  9  using  the  equation  for 
identical,  parallel,  directly  opposed  squares  in  Chubb  (77).  When  the  ratio  becomes  very  large, 
i.e.  above  a  ratio  of  100,  then  greater  than  98%  of  the  radiation  emitted  by  the  emitter  surface  is 
received  at  the  photovoltaic  cell  surface.  At  low  ratios,  for  example,  a  1  cm  x  1  cm  surfaces 
spaced  at  0.1-cm  distance  (ratio  of  10),  the  view  factor  is  reduced  to  below  83%.  It  is  therefore 
essential  to  minimize  the  spacing  between  the  emitter  and  the  photovoltaic  cell  such  that  a  high 
number  of  photons  reach  the  photovoltaic  cell  surface. 


Figure  9.  Plot  showing  the  view  factor  of  equal  squares  vs. 
the  ratio  of  the  square  length  to  the  spacing. 
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2.6  Thermophoto  voltaic  Technology  Discussion 

In  addition  to  improvements  in  tailoring  the  radiated  spectrum  and  in  the  photovoltaic  cell,  there 
are  other  areas  of  the  thermophotovoltaic  system  that  need  to  be  addressed  to  achieve  optimum 
conversion  efficiencies.  Most  notable  are  the  techniques  to  package  together  the  heat  source, 
emitter,  and  photovoltaic  cell  including  a  sustained  inert  cavity  between  the  emitter  and  the 
photovoltaic  cell  with  high  thermal  efficiency  as  well  as  reject  the  unused  heat  from  the 
photovoltaic  cell  to  maintain  peak  cell  efficiency. 

2.6.1  Thermophotovoltaic  Packaging  and  Practical  Considerations 

High  temperature  and  hermetic  packaging  techniques  are  important  to  maximize  the  total 
thermophotovoltaic  system  efficiency.  Providing  an  inert  atmosphere  with  low  thermal 
conductivity  within  the  optical  cavity  will  be  critical  for  both  emitter  lifetime  and  low  thermal 
loss.  Mesoscale  systems,  having  cavity  spacing  well  beyond  1  mm  such  as  the  25-W 
demonstration  thermophotovoltaic  power  source  by  Doyle  et  al.  (28)  used  a  hermetically  sealed 
system  to  provide  an  inert  atmosphere  around  the  high  temperature  components  and  a  low 
thermal  conductivity. 

Vacuum  packaging  to  the  mTorr  range  to  achieve  thermal  conductivity  below  mW/mK  is  greatly 
beneficial  for  small-scale  thermophotovoltaic  systems  where  the  spacing  between  the  emitter  and 
the  photovoltaic  cell  is  in  the  millimeter  range  and  below.  Numerous  vacuum  packaging 
techniques  exist  for  microelectronic  and  microelectromechanical  system  (MEMS)  technologies 
(29,  30).  These  works  are  mainly  focused  on  reduction  of  dampening  effects  for  high-Q  factors 
in  applications  such  as  gyroscopes  or  accelerometers;  however,  they  could  be  applied  to 
microscale  combustion  devices  and  thermophotovoltaic  sources  at  extremely  small  scale. 

2.6.2  Heat  Exchanger 

The  photovoltaic  cell  will  be  heated  by  the  unconverted  radiated  energy.  The  performance  of  the 
photovoltaic  cell  decreases  with  temperature  and  thus  the  unconverted  energy,  which  results  in 
heat  generation,  must  be  carried  away  by  a  heat  exchanger.  For  example,  Wernsman  et  al., 
showed  a  spectral  performance  decrease  from  22.3%  to  18.7%  when  the  photovoltaic  cell 
temperature  was  increased  from  24  to  64  °C  (23).  If  a  thermophotovoltaic  system  has  a 
conversion  efficiency  of  10%  and  can  generate  0.5  W /cm”  like  demonstrated  by  Wemsman  et  al., 
then  4.5  W/cm"  of  heat,  assuming  a  view  factor  of  1,  must  be  removed  by  the  heat  exchanger  to 
maintain  the  photovoltaic  cell  at  room  temperature.  This  level  of  cooling  will  most  likely  require 
forced  convection  cooling  or  a  novel  design  for  integrating  a  large  surface  area  heat  exchanger 
into  the  package.  Heat  exchangers  may  use  the  fuel  as  the  coolant  or  include  a  fan  to  provide 
forced  air  convective  cooling.  Both  approaches  require  the  mass  and  volume  of  the  heat 
exchanger  and  electrical  power  to  operate  the  fan. 
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2.6.3  Future  High  Power  Density  Thermophoto  voltaic  Strategies 

Up  to  now,  only  far-field  configurations  have  been  discussed  since  it  is  the  most  relevant  for 
near-term  applications.  However,  a  rising  field  of  study  in  nanoscale  thermal  radiation  is 
advancing  and  could  greatly  alter  the  way  thermophotovoltaic  performs.  When  the  gap  between 
the  emitter  and  collector  (photovoltaic  cell)  is  close  to  the  wavelength  or  below,  heat  transfer  is 
dominated  by  evanescent  wave  coupling  and  photon  tunneling  ( 32 ).  Basu  et  al.,  provide  a 
theoretical  system  design  using  a  tungsten  emitter  held  at  an  extreme  temperature  of  1727  °C  and 
an  InGaSb  photovoltaic  cell.  They  evaluated  the  gap  spacing  between  the  emitter  and  the 
photovoltaic  cell  and  estimated  the  power  and  conversion  efficiency.  Their  estimations  were 
based  on  the  penetration  depth  of  the  thermal  radiation  into  the  cell  using  the  fluctuation- 
dissipation  theorem  and  the  dyadic  Green’s  function  of  Maxwell’s  equations  for  a  multilayered 
structure.  In  their  analysis  they  find  a  peak  theoretical  efficiency  similar  to  far-field 
thermophotovoltaic,  however,  with  an  increasing  power  transfer  as  the  gap  goes  below  200  nm. 
At  10  nm,  their  analysis  suggests  100  W/cm“;  a  factor  of  10  more  than  is  available  with  cavity 
gaps  above  the  peak  emission  wavelength. 

In  addition  to  thermophotovoltaic  conversion,  near-field  thermal  transport  has  applications  in 
nano-fabrication  (33-35)  and  near-field  imaging  (36).  The  theoretical  foundation  for  near-field 
heat  transfer  has  been  well  developed  over  the  past  few  years,  but  limited  experimental  work  has 
been  done  to  verify  concepts  with  material  systems  relevant  to  thermophotovoltaic  applications. 


3.  TEC  System 


It  is  important  to  recognize  that  most  literature  values  for  efficiency  only  speak  about  the  P|tec 
conversion  efficiency.  One  must  understand  the  losses  associated  with  all  components  of  the 
conversion  system  to  compare  to,  for  example,  a  battery  that  has  minimal  parasitic  loss.  The 
dominant  sources  of  energy  loss  within  the  conversion  system  include  thermal  losses  associated 
with  the  burner  thermal  efficiency,  chemical  conversion  efficiency  (i.e.,  fuel  +  air  produce 
carbon  dioxide  [CO2]  and  water  [H20]  for  100%  efficiency),  thermal-to-electric  conversion 
efficiency,  and  the  balance-of-plant  (BoP). 

Energy  conversion  is  accomplished  in  a  system  that  is  comprised  of  the  TEC  and  all  of  the 
components  required  providing  heat  generation,  fluid  pumping,  control,  sensing,  and  power 
management.  For  compact  TEC  as  well  as  fuel  cell  systems,  the  BoP  will  often  comprise  most 
of  the  weight  of  the  conversion  system.  This  weight  affects  the  overall  power  and  energy  density 
as  well  as  the  scalability.  At  high  powers  or  long  durations,  the  fuel  and  conversion  efficiency 
dominate;  however,  at  low  power  (generally  <10  W)  or  short  durations,  the  BoP  and  system 
dominates.  Great  improvements  can  be  had  in  developing  low-power,  lightweight  BoP  for 
compact  power  applications. 
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In  addition  to  the  energy  conversion  system,  the  fuel  of  choice  influences  the  performance  of  the 
system.  Table  1  provides  information  on  the  fuels  of  interest  for  portable  power  applications. 
Methanol  and  hydrogen  are  also  included  in  the  table  to  compare  with  fuel  cell  technology.  A 
few  items  are  important  to  point  out.  First,  the  phase  that  the  fuel  is  in  at  room  temperature  and 
ambient  pressures  determines  the  storage  efficiency  as  well  as  the  need  for  atomization.  Liquids 
can  be  stored  in  lightweight  containers,  taking  up  approximately  10%  of  the  weight  of  the  fuel. 
On  the  other  hand,  liquid  fuels  also  require  atomization  or  vaporization.  Efficient  and  robust 
means  to  accomplish  this  are  still  being  developed.  Gaseous  fuels  like  butane  and  propane  may 
have  higher  energy  content  and  not  require  means  to  evaporate,  but  require  storage  under  high 
pressure,  and  therefore,  heavy  storage  containers.  The  storage  thus  consists  of  40%  of  the 
combined  fuel  and  fuel  tank  weight. 

When  comparing  the  possible  fuels  for  compact  TEC  power  generation  (table  1),  it  is  useful  to 
make  a  comparison  with  the  fuels  used  in  fuel  cell  technologies.  Although  current  fuel  cells 
offer  high  chemical-to-electrical  conversion  efficiency  the  energy  density  is  often  hampered  by 
the  use  of  a  fuel  having  low  energy  content  when  compared  to  hydrocarbons  or  fuels  having  low 
storage  efficiencies.  Methanol  fuel  cells  are  the  state  of  the  art  for  compact  power  and  have 
lower  energy  content  than  other  fuels.  Hydrogen  has  extreme  energy;  however  the  storage  media 
is  still  a  large  area  of  research  and  as  previously  discussed  has  low  storage  efficiency. 
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Table  1.  Characteristics  of  candidate  fuels  (37). 


Energy  Content 
(kWh/kg) 

Boiling  Point 

(°C) 

Density 

(kg/m3) 

Storage  Medium 

Storage  Efficiency 
(%  wt.) 

JP8 

11.9 

290 

837 

Low-pressure  tank 

90% 

Butanol 

(biomass) 

9.5 

118 

810 

Low-pressure  tank 

90% 

Propane 

12.9 

-42.1 

507 

High-pressure  tank 

60% 

Butane 

12.6 

-0.5 

585 

High-pressure  tank 

60% 

Hydrogen 

33.4 

-252.87 

0.67  (gas) 

NaBH4  (3S) 

9% 

Methanol 

5.6 

65 

794 

Low-pressure  tank 

90% 

3.1  Heat  Source 

The  heat  source  is  a  critical  determinant  of  the  application  space  and  efficiency  of  the  TEC 
system.  Heat  useful  for  power  generation  from  a  TEC  system  can  come  from  numerous  sources 
including  solar  (39),  combustion,  or  radioisotope  (27)  and  highly  depends  on  the  intended 
application  of  the  power  source. 

For  high  energy  dense  and  compact  power  sources  requiring  durations  of  days  or  weeks, 
combustion  is  the  most  suitable  source  of  heat.  When  compared  to  fuel  cells,  TEC  using  a 
combustion-based  heat  source  will  have  the  added  benefit  of  fuel  flexibility.  For  portable  power 
applications  meso-  and  micro-scale  combustion  are  the  most  promising.  Numerous  works  have 
provided  information  for  large-scale  and  microscale  combustion,  however  not  focused  on 
portable  power  production.  The  area  of  microscale  combustion  has  typically  focused  on 
chemical  processing  and  does  not  necessarily  optimize  to  deliver  heat  to  a  specific  surface;  as 
such  heat  recuperation  is  often  ignored.  Numerous  compact  combustors  have  been  developed  of 
which  notable  ones  are  from  references  40-45. 

The  thermal  efficiency  of  the  combustion  heat  source  is  determined  by  the  heat  loss  to  the 
surrounding  environment  through  convection,  conduction,  and  radiation  from  each  surface  as 
well  as  the  heat  being  carried  away  by  the  exhaust.  Choice  of  materials  and  packaging  techniques 
can  minimize  convection,  conduction,  and  radiation;  however,  heat  lost  through  the  exhaust 
requires  integrated  heat  transfer  structures  to  recuperate  the  heat  into  the  incoming  fluid  streams. 
More  than  50%  of  the  thermal  power  of  the  combustor  can  be  lost  to  the  exhaust  as  it  is  often  a 
very  low  resistive  path.  In  addition  to  improving  thermal  efficiency,  hotter  temperatures  can  be 
maintained  within  the  combustion  zone  and  TEC  hotside.  Hotter  temperatures  within  the 
combustion  zone  broaden  flammability  limits  for  more  robust  combustion  as  well  as  reduce 
combustion  timescales  for  higher  combustion  efficiency  and  more  compactness.  Hotter 
temperatures  at  the  TEC  hotside  will  enable  a  higher  TEC  efficiency  as  demonstrated  by 
figure  8.  Thermal  and  chemical  conversion  efficiencies,  9 heat,  can  be  greater  than  60%  using 
heat  recuperated  from  the  exhaust  to  pre-heat  the  incoming  fuel  and  air  mixture  as  demonstrated 
by  Bijjula  et  al.  (40). 
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Compact  combustion  has  applications  beyond  power  generation  and  thus  has  had  extensive 
research  devoted  to  it.  Recent  review  papers  outline  the  challenges  and  research  areas  for  both 
homogeneous  and  heterogeneous  combustion  within  the  scales  of  interest  for  compact  power 
(46,  8).  Although  power  generation  is  a  prime  application  as  all  reviews  indicate,  other 
applications  exist  such  as  sensors,  chemical  processors,  and  lab-on-a-chip.  The  largest  area  of 
research  is  in  the  modeling  of  the  combustion  process  for  the  complex  fuels  and  identifying  the 
operating  space,  such  as  flammability  limits,  for  the  compact  combustors.  As  the  geometry 
scales,  the  reaction  pathways  and  mechanisms  will  change  due  to  a  shift  of  the  dominant  mass 
transfer  mechanism.  This  results  in  a  change  in  the  reaction  rates  and  flammability  limits.  Some 
numerical  predictions  and  experimental  results  of  flammability  limits  can  be  found;  however, 
most  focus  on  gaseous  fuels.  More  research  is  necessary  to  include  liquid  fuels  within  the 
combustion  platforms  such  that  a  truly  multi-fuel  heat  source  can  be  integrated  within  the  TEC 
system. 

3.2  Balance-of-plant  Components 

The  overall  TEC  system  energy  and  power  density  depend  on  the  parasitic  loss  and  weight  (not 
taken  into  account  in  equation  1)  of  the  BoP  and  increases  in  dependence  as  the  system  scales 
down.  High  average  power  and  a  long  duration  require  fuel  amounts  that  dominate  the  weight  of 
the  power  source,  thus  the  energy  and  power  density  of  the  system  becomes  that  of  the  fuel.  The 
amount  of  fuel  may  be  small  at  low  average  power  requirements  and  short  durations,  thus  the 
total  weight  will  be  dominated  by  the  TEC  system. 

Much  of  the  TEC  system  weight  is  due  to  the  BoP  or  ancillary  components  such  as  a  liquid 
pump,  air  pump,  heat  sink,  air  fan  and  packaging  materials  like  plumbing,  connections  and 
insulation.  The  pumps  and  fans  are  active  BoP  components  and  are  required  to  maintain  optimal 
performance  (e.g.,  to  maintain  a  constant  temperature).  Miniature  pumps  for  fuel  and  air 
handling  can  be  evaluated  to  indicate  the  power  draw  and  weight  affects  on  the  overall  system. 
Miniature  liquid  pumps,  often  times  piezoelectric-based  diaphragm  pumps,  have  a  range  of 
electrical  power  requirements  of  <200  mW  and  weights  of  2-3  g  (e.g.,  mp6  micropump  from 
Bartels  mikrotechnik  [47]).  Miniature  air  pumps  have  a  range  of  electrical  power  requirements 
of  500  to  700  mW  and  a  range  of  weights  of  15  g  (<1  L/min)  to  50  g  for  approximately  1  L/min 
flows  (e.g.,  EC  Series  100  from  Schwarzer  Precision  [48]).  The  heat  sink  required  to  maintain 
the  cold  side  of  the  TEC  will  have  a  similar  weight  as  the  air  pump  or  more  (49).  If  the  converter 
is  a  solid  piece  of  silicon  which  has  a  density  of  2330  kg/m  then  a  27  cm  volume  would  weigh 
63  g.  The  core  BoP  can  weigh  more  than  2  or  3  times  that  weight;  therefore,  the  BoP  dictates  the 
total  weight  of  the  conversion  system  without  the  fuel  or  fuel  tank. 

State-of-the  art  fluidic  components  use  Microsystems  technology  to  develop  the  individual 
components  and  can  still  improve  the  pumping  efficiency,  especially  at  a  low  flow  rate.  The 
mechanical  power  required  to  pump  air  at  1  L/min  through  a  system  having  a  pressure  drop  of 
689  Pa  (0.1  psi)  is  approximately  10  mW.  Compared  to  the  state-of-the  art  fluidic  pumps  such  as 
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the  ones  described  above  the  electrical-to-mechanical  conversion  efficiency  is  only  a  few  percent 
at  best.  This  parasitic  loss  should  be  significantly  reduced  for  low-power  sources  in  the  Watt- 
level  range.  Few  groups  have  focused  on  developing  passive  or  self  operating/limiting  systems 
to  eliminate  the  need  for  power-hungry  BoP.  Some  examples  of  these  can  be  found  in  micro  fuel 
cell  research  that  uses  Microsystems  approaches  to  achieve  self-regulating  or  self-pumping  of  the 
fuel  or  passive  air  delivery  (50-52). 

Electronics  are  another  component  of  the  BoP  and  are  required  to  convert  the  extracted  power 
and  control,  for  example,  the  operation  of  the  photovoltaic  cell.  These  electronics  can  be  very 
light;  however,  the  conversion  efficiency  should  be  taken  into  consideration  as  there  is  a  parasitic 
loss  associated  with  them.  For  example,  Pilawa-Podgurski  et  al.,  developed  a  low-power 
maximum  power  point  tracker  for  thermophotovoltaic  generators  and  demonstrated  a  converter 
efficiency  of  90%  (53). 

3.3  TEC  System  Power  Density  and  Conversion 

A  number  of  parameters  must  be  considered  when  evaluating  the  power  and  energy  density  of  a 
power  generation  mechanism.  The  total  weight  can  be  broken  up  into  the  system  weight,  the 
weight  of  the  fuel,  and  the  weight  of  the  fuel  storage.  In  addition  to  the  weight,  the  parasitic 
power  loss,  or  electrical  power  requirements  for  the  active  BoP  components  are  used  to 
determine  the  power  and  energy  density.  The  duration  of  the  power  draw  and  the  average  power 
requirement  are  determined  by  the  application  space.  On  one  hand,  UAV  applications  may 
require  a  large  average  power,  for  example,  100-W  electrical,  for  a  minimum  duration  of  a  few 
hours.  On  the  other  hand,  expeditionary  power  for  personal  power  sources  may  require  on  the 
order  of  10-W  electrical,  a  lower  power,  however  require  it  for  multiple  days.  In  some  cases,  the 
system  weight  is  determined  by  the  average  power  draw.  The  duration  requirement  will 
determine  the  amount  of  fuel  required  given  the  conversion  efficiency,  and  therefore,  the  weight 
of  the  fuel  and  the  weight  of  the  fuel  storage. 

Many  works  focused  on  Microsystems  technology  assume  the  weight  of  the  system  will  be 
negligible.  This  may  be  the  case  for  the  converter,  such  as  a  micro  gas  turbine  generator  (6)  or 
micro-thermophotovoltaic  (18,  20)\  however,  the  BoP  is  often  neglected.  Although  the  goal  for 
Microsystems  designers  is  to  create  a  wholly  integrated  system  such  that  the  system  weight  is 
negligible,  this  will  only  be  the  case  for  long  mission  durations  when  a  large  amount  of  fuel  is 
required.  There  is  still  a  technology  gap  to  integrate  all  BoP  in  a  compact  power  form;  however, 
Microsystems  technology  offers  a  promising  path. 

Figure  10  demonstrates  different  durations  and  average  powers  which  span  the  space  of  sensor 
electronics  (low  power,  long  duration)  to  UAV  (high  power,  long  duration)  applications.  Figure 
10  was  derived  using  JP8  with  an  energy  density  of  11.9  W-h/kg  and  90%  storage  efficiency 
scaled  linearly  with  duration  and  a  10%  overall  TEC  conversion.  The  TEC  and  BoP  (not  fuel  or 
tank)  is  varied  between  0.1  and  0.5  kg  considered  to  be  an  overestimate  at  low  average  powers 
and  aggressive  at  high  average  powers.  For  short  durations,  when  the  system  weight  dominates 
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for  low  power,  the  power  density  and  energy  density  varies  more  than  two  orders  of  magnitude 
between  the  different  average  powers.  At  long  durations  the  fuel  dominates  the  system  weight, 

72  h,  for  example,  they  vary  less  than  an  order  of  magnitude  for  each. 

The  necessary  TEC  conversion  efficiency  can  be  determined  in  order  to  compete  with  battery 
technology.  This  allows  one  to  understand  the  application  space  for  TECs.  A  comparison  of  the 
potential  TEC  power  and  energy  density  to  battery  technology  is  provided  in  figures  1 1  and  12 
for  24-  and  72-h  durations  against  the  conversion  efficiency.  Even  low  conversion  efficiency, 
<5%  competes  with  state-of-the-art  Li-ion  rechargeable  batteries.  Comparison  to  Li-air,  a  higher 
energy  dense  and  power  dense  technology  requires  a  TEC  to  be  greater  than  10%  for  72-h 
duration  and  approximately  15%  for  24-h  duration. 


Figure  10.  Ragonne  plot  for  TEC  assuming  10%  conversion  efficiency 
and  assuming  fuel  storage  is  10%  of  fuel  weight  for  JP-8  fuel. 
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Conversion  Efficiency,  r]TEc(%) 


Figure  11.  Power  density  plotted  vs.  TEC  conversion  efficiency  for  durations 
of  24  and  72  h.  Li-ion  (dashed  line)  and  Li-Air  (dotted  line) 
battery  technologies  are  plotted  for  comparison. 


Conversion  Efficiency,  t]TEci^c) 


Figure  12.  Energy  plotted  vs.  TEC  conversion  efficiency  for  duration  of  24 
and  72  h.  Li-ion  (dashed  line)  and  Li-Air  (dotted  line)  battery 
technologies  are  plotted  for  comparison. 

Although  conversion  efficiency  is  a  key  performance  metric,  other  characteristics  of  the  power 
source  should  be  kept  in  mind.  The  ability  to  instantly  recharge  by  filling  the  tank  with  more  fuel 
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or  swapping  fuel  cartridges  can  be  a  great  benefit  of  fuel  cells  and  TEC  when  compared  to 
batteries.  Additionally,  this  power  density  and  energy  density  presented  in  this  report  is  for  a 
system  with  a  full  fuel  tank.  As  fuel  is  used,  the  overall  weight  is  reduced  something  that  cannot 
occur  with  a  battery.  As  previously  stated,  the  resupply  could  also  be  eased  by  allowing  a  multi¬ 
fuel  burner  capability. 

From  figure  6,  R  values  greater  than  0.1  are  required  to  achieve  spectral  efficiencies/ 
photovoltaic  cell  greater  than  -15%  at  temperatures  close  to  1000  °C.  From  the  previous 
capabilities  description,  it  may  be  feasible  to  develop  a  TEC  system  in  the  near  future  having 
Vheat  —  80%  burners  and  a  cavity  efficiency  of  80%.  From  this  a  total  thermophotovoltaic 
system  efficiency  of  10%  could  be  possible. 

To  achieve  an  overall  conversion  efficiency,  r)n:c  =  15%  all  facets  of  TEC  and 
thermophotovoltaic  need  to  be  optimized  with  research  continuing  in  meso/microscale 
combustion  for  an  efficient  heat  source.  High  temperature  vacuum  packaging  and  thermal 
design,  novel  selective  emitter  materials,  and  high  efficiency,  low  bandgap  photovoltaic  cells  are 
key  items  to  be  addressed.  It  is  feasible  that  if  peak  R-values  can  be  applied  less  than  0.05, 
photovoltaic  cells  having  a  bandgap  of  0.53  eV  or  below  and  a  conversion  efficiency  reaching 
30%,  90%  heat  delivery,  and  view  factors  of  >90%,  then  a  total  conversion  efficiencies  greater 
than  20%  may  be  possible. 


4.  Conclusions 


Advancements  in  photovoltaic,  thermal  emission  and  compact  liquid  fueled  combustion  sources 
enable  thermophotovoltaic  energy  conversion  to  compete  with  battery  and  fuel  cell  technology 
for  compact  power  applications.  This  report  highlighted  all  components  of  the  TEC  system 
including  the  balance-of-plant  and  provided  a  review  of  the  state  of  the  art.  Evaluation  of  each 
component  performance  led  to  a  determination  that  a  10%  efficient  thermophotovoltaic  power 
source  could  be  realized  by  integrating  state-of-the  art  components.  Such  efficiency  could  lead 
to  a  power  source  that  approaches  an  energy  density  of  1000  W-h/kg  when  long  durations  are 
needed  all  while  using  a  combustion-based,  fuel  flexible  heat  source. 

Continued  research  on  each  of  the  thermophotovoltaic  components  can  greatly  enhance  the 
capability  extending  the  use  to  short  durations  or  increasing  the  energy  density.  Specific 
research  areas  include  reduction  of  the  photovoltaic  cell  bandgap  and  Auger  recombination, 
improved  emitters  using  photonic  crystals  to  tailor  the  emission  spectrum,  and  developing 
efficient  heat  recuperation  within  a  combustion-based  heat  source.  It  is  feasible  these 
improvements  can  lead  to  TEC  efficiencies  greater  than  20%  with  temperatures  below  1000  °C. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


1-D 

one-dimensional 

2-D 

two-dimensional 

3-D 

three-dimensional 

Au 

gold 

BoP 

balance-of-plant 

C02 

carbon  dioxide 

DMFC 

direct  methanol  fuel  cell 

EFOY 

Energy  for  Y ou 

GaSb 

gallium  antimonide 

Ge 

germanium 

H20 

water 

InGaAs 

indium  gallium  arsenide 

InGaAsP 

indium  gallium  arsenide  phosphide 

InGaAsSb 

indium  gallium  arsenide  antimonide 

InP 

indium  phosphide 

Li 

lithium 

MEMS 

microelectromechanical  system 

NASA 

National  Aeronautics  and  Space  Administration 

Pt 

platinum 

R&D 

research  and  development 

RTG 

radioisotope  thermoelectric  generator 

Si 

silicon 

Si3N4 

silicon  nitride 

TEC 

thermal-to-electrical  conversion 
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UAV 


unmanned  air  vehicles 
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